We experimentally demonstrate Cooper pairs' drastic enhancement of the band-to-band radiative recombination rate in a semiconductor. Electron Cooper pairs injected from a superconducting electrode into an active layer by the proximity effect recombine with holes injected from a p-type electrode. The recombination of a Cooper pair with p-type carriers dramatically increases the photon generation probability of a light-emitting diode in the optical-fiber communication band. The measured radiative decay time rapidly decreases with decreasing temperature below the superconducting transition temperature of the niobium electrodes. Our results indicate the possibility to open up new interdisciplinary fields between superconductivity and optoelectronics. DOI: 10.1103/PhysRevLett.107.157403 PACS numbers: 78.60.Fi, 74.25.Gz, 78.66.Fd, 85.60.Jb Recent discoveries of new superconductors [1,2] boosted up the research fields with new experimental as well as theoretical possibilities. From a scientific viewpoint one great advantage of superconductivity is its long coherence time which is the most important feature for quantum information processing [3] . The combined system consisting of a coherent photon field and a superconducting (SC) condensate would be a promising candidate for realizing the quantum operation in solid state devices [4] [5] [6] [7] [8] . The Cooper pairs are preserved during these operations with photon energies smaller than the energy gap of superconductivity (on the order of meV). On the other hand, when photon energies become larger than the superconductivity gap, the absorption of high-energy photons only results in the destruction of Cooper pairs. This fact enables the application of superconductors as high-speed singlephoton detectors [9] . It is still unexplored what will take place with the counter process of photon emission from Cooper-pair states in this higher photon energy range.
Recent discoveries of new superconductors [1, 2] boosted up the research fields with new experimental as well as theoretical possibilities. From a scientific viewpoint one great advantage of superconductivity is its long coherence time which is the most important feature for quantum information processing [3] . The combined system consisting of a coherent photon field and a superconducting (SC) condensate would be a promising candidate for realizing the quantum operation in solid state devices [4] [5] [6] [7] [8] . The Cooper pairs are preserved during these operations with photon energies smaller than the energy gap of superconductivity (on the order of meV). On the other hand, when photon energies become larger than the superconductivity gap, the absorption of high-energy photons only results in the destruction of Cooper pairs. This fact enables the application of superconductors as high-speed singlephoton detectors [9] . It is still unexplored what will take place with the counter process of photon emission from Cooper-pair states in this higher photon energy range.
In this Letter, we demonstrate that electron Cooper pairs injected into a semiconductor by the proximity effect [10, 11] can be highly involved in the interband transition and accelerate the photon generation processes. We measure the radiative recombination rate as a function of temperature across the SC transition temperature, T C . The results demonstrate drastic enhancement of the radiative recombination rate below T C . The temperature dependence of the radiative recombination rate can be explained by a theoretical model. Our new finding corresponds to experimental demonstration of the Cooper pair's gigantic oscillator strength [12] .
The light-emitting diode (LED) epitaxial layers were grown on a p-type (001) InP substrate by metalorganic vapor-phase epitaxy. The layers consist of a 500 nm thick p þ À InP buffer layer (Zn doping $1 Â 10 17 cm À3 ), a 30 nm thick n þ À In 0:53 Ga 0:47 As active layer (Si doping $5 Â 10 18 cm À3 ) lattice matched to InP, and a 10 nm thick n þ À In 0:7 Ga 0:3 As Ohmic contact layer (Si doping $5 Â 10 18 cm À3 ). Outside of the contact layer, we attached 20 m wide and 80 nm thick niobium (Nb) electrodes. A 110 nm wide slit was fabricated by reactive ion etching of the Nb as shown in Fig. 1(b) . The p electrode was formed with Au/Cr metal layers and was used as the anode for the LED operation as well as the back gate for the Nb=n À InGaAs=Nb I-V measurements. When the LED is forward biased across the p-n junction with the common voltage to the split Nb electrodes, electron Cooper pairs are injected into the 40 nm deep n À InGaAs=p À InP junction through the conduction band of the n À InGaAs layers and recombine with holes in the valence band injected from the counter p-type electrode through the p À InP substrate [ Fig. 1(c) ]. The LED was set in a 3 He closed-cycle cryostat equipped with optical fibers. After passing through the slit, electroluminescence (EL) was directly collected by a multimode optical fiber with a core diameter of 200 m located $0:5 mm above the slit [ Fig. 1(a) ].
The Cooper-pair injection into the InGaAs semiconductor is examined by measuring the current-voltage (I-V) characteristics between the two Nb SC electrodes on the LED surface [ Fig. 1(b) ]. The I-V characteristics show typical features of a Josephson junction (critical supercurrent of I C $ 1:2 A) and Shapiro steps [13] under the application of a radio-frequency (RF) signal (inset of Fig. 2 ). That is, the two Nb electrodes together with the n À InGaAs between them form a superconductor/semiconductor/superconductor (S=Sm=S) junction, and Cooper pairs carry supercurrent across the S=Sm=S junction. In addition, we found that the Josephson junction characteristics depend on the forward bias applied to the p-n junction (Fig. 2 ). When the current flowing through the p-n junction is negligible, I C increases with the forward bias. The increase of the critical supercurrent is attributed to the increase of the n À InGaAs channel width in the Josephson junction, which is modulated by the thickness of the depletion layer in the n À InGaAs side of the p-n junction. These experimental results strongly indicate that the Cooper pairs injected from one side of the Nb electrode [in Fig. 1(b) ] pass through the light-emitting layer very close to the p-n junction to the other side.
In Fig. 3 (a) we show a typical EL spectrum observed with forward bias of the p-n junction at 4 K under a constant electric current of 250 A. The emission peak photon energy of 0.86 eV (1:44 m wavelength) is in the optical-fiber communication band. The photon energy is determined by the energy gap of InGaAs lattice-matched to InP and n-type doping in the light-emitting layer. The influence of the Cooper pairs on the LED operation can be most efficiently visualized by decay time measurements of the EL intensity. For this purpose the injection current was stepwise decreased from the steady-current ON state to the offset-biased OFF state as shown in the inset of Fig. 3(b) , and the resultant transient EL decay was examined. The ON-state diode current was set constant to 250 A and the OFF-state offset bias was set to 600 mV. The latter offset bias was selected to satisfy both the negligible diode current of less than 1 nA and the negligible internal-field effect based on a series of measurements on the bias dependence. Measurement data obtained at 10 K is shown in the inset of Fig. 3(b) [open (blue) circles]. Since our LED in the cryostat is connected with an external pulse generator and DC bias circuits via a coaxial cable and wires, the current pulse injected into the LED shows the circuit capacitance-resistance (CR) time delay. Assuming the current switching from the steady state to turned off as shown in the inset of Fig. 3(b) , the transient decay of the spectrally integrated EL intensity for t ! 0 is given by
where LED , CR , J 0 , int , and det are the EL decay time constant, the system CR time constant, the injection current divided by the electric charge, the LED internal quantum efficiency, and the EL detection efficiency, respectively. This equation is simplified to the single exponential form of I EL ðtÞ ¼ J 0 int det e Àt= CR under the condition of LED ( CR . This single exponential decay is realized when the offset bias is changed to zero [solid 
157403-2 triangles in the inset of Fig. 3(b) ]. The shortening of LED is attributed to the internal-electric-field-induced Stark effect that spatially separates electrons and holes [14] . The fit shown with a solid line determines CR to be 2.70 ns. Then, from the fit to the 10 K data [solid (blue) line], LED is determined to be 2.27 ns. Once the time constants are fixed in this way, the intrinsic EL time decay can be restored from the measured EL intensities at 10 K and is reproduced in Fig. 3(b) . The comparison between the EL transients at 10 and 3 K demonstrates the clear reduction of decay time for the lower temperature. LED at the temperature above $7:5 K is constant and corresponds to LED $2:25 ns of the reference LED, whereas it decreases abruptly below T C . At 0.8 K, LED is shortened down to $1:1 ns. The resistivity of the Nb electrode was measured employing the two neighboring Au pads [ Fig. 1(b) ] and is shown in Fig. 4(b) . It is stepwise reduced at the temperature of 7.3 K, which indicates T C ¼ 7:3 K in our device [15] . The formation of electron Cooper pairs initiates in the Nb electrode below T C and the onset temperature of the EL decay time shortening precisely agrees with T C . This agreement as well as the significant decay time shortening below T C demonstrates the major role of the injected Cooper pairs for the enhanced recombination rate in the LED.
The LED internal quantum efficiency, int , is given by the balance of the radiative and nonradiative recombination rates as follows: int ¼ 1= rad =½1= rad þ 1= nonrad , where ðnonÞrad is the (non)radiative decay time and 1= LED ¼ 1= rad þ 1= nonrad . The steady-state EL intensity is given by I EL ðt 0Þ ¼ J 0 int det . We previously observed drastic EL enhancement below T C [16] and attributed that to the case of low internal quantum efficiency [17] . In this case int ( 1 or, equivalently, rad ) nonrad and the EL intensity is given by I EL ðt 0Þ ¼ J 0 int det % J 0 det nonrad = rad ðTÞ. Therefore, the EL intensity is enhanced with the reduction of the radiative lifetime under constant injection current. In the present case despite the significant change of the measured decay time below T C , the integrated EL intensities in the steady state remain almost independent of the temperature [open (blue) circles in Fig. 4(b) ]. This much different situation can be accounted for by the condition of rad ðTÞ ( nonrad or equivalently int ¼ 1= rad ðTÞ=½1= rad ðTÞ þ 1= nonrad ' 1. The EL output under constant injection current is given by I EL ¼ J 0 int det ' constant and is therefore independent of the rad ðTÞ decrease.
The number of emitted photons at t ¼ 0 is identical comparing the 3 and 10 K data as shown in Fig. 3(b) . However, the total number of photons emitted during the decay is reduced to 1:1=2:3 $ 0:5 at 3 K compared to 10 K. This is explained by the relation of J 0 ¼ p 0 = LED % p 0 ðTÞ= rad ðTÞ, that is, the steady-state hole concentration p 0 is reduced for the shorter rad value for T < T C under constant injection current. The ratio of the measured decay time at 3 and 10 K is 1:4=2:25 $ 0:6 and is within the reasonable range to the above ratio of the photon numbers.
The observed drastic change of the photon generation processes was examined with a theoretical model considering Cooper pairs [12, 18, 19] . Since the InGaAs active layer is highly n-type doped, the rad discussed here is for the minority carriers (holes in the valence band). To analyze the experimental data, we apply a phenomenological formula for the inverse lifetime, [expression of Eq. (2)], where we approximately consider the proximity effect through the exponential function in the second term
The first term is the radiative recombination lifetime related to the normal electron and hole recombination. normal rad was measured to be $2:25 ns from the reference LED with the normal metal (Au) electrode in Fig. 4(a) .
normal rad is generally expressed as 1=BN, where the B coefficient for the InGaAs active layer has been measured as 1:43 Â 10 À10 cm À3 s À1 [20] . N is the majority carrier (electron) concentration and the value corresponding to the measured lifetime is 3:1 Â 10 18 cm À3 . This is close to the donor doping level of $5 Â 10 18 cm À3 . The second term expresses the radiative recombination lifetime related to the electron Cooper-pair recombination in the temperature range below T C . Essentially the same theoretical term as this second term has been derived with Eq. (23) in Ref. [19] considering the radiative recombination of a Cooper pair in the conduction band and a pair of normal holes in the valence band. Á 0 ðTÞ is the temperature-dependent superconducting gap [10, 11] , and L is the distance from the SSm interface to the LED active layer which is 40 nm in the present LED. N ðTÞ is the coherence length of the electron Cooper pairs penetrating into the n À InGaAs active layer and is given by ð@ 3 =2k B Tm e eÞ 1=2 ð3 2 N 3D Þ 1=3 [21] , where @ and k B are the Planck constant and the Boltzmann constant. For the In 0:53 Ga 0:47 As layer, the electron mobility was assumed to be $ 4000 cm 2 =V s based on measurements at 77 K and room temperature. For the electron concentration of N 3D $ 5 Â 10 18 cm À3 and the electron effective mass of m e =m 0 ¼ 0:043 [22] , the distance L is much shorter than the calculated coherence length. The constant A is the only one fitting parameter that includes the dipole transition matrix element [19] and this determines the relative contribution ratio of the Cooper pairs and normal electrons.
The solid line in Fig. 4(a) is the fitting of Eq. (2) to the measured lifetime. Although there remain error bars, the measured delicate temperature dependence below T C is well reproduced with Eq. (2) except for 0.8 K. This is due to technical limitations of our cryostat where the cooling setup changes from conventional pulse-tube refrigerator to a 3 He condensation pot. Because of the lower cooling power the limited measurement time resulted in the large error bars. From the lifetime change with the superconductivity, we can derive the ratio of the Cooper pair and normal-electron contributions in the recombination process which are 43% and 57% at 3 K, respectively.
The physics behind this drastic effect of Cooper pairs on the radiative recombination process is attributed to the conversion from Fermionic independent electrons to the Cooper pairs in a BCS condensate. This superconducting condensate in the conduction band enhances the interband radiative recombination probability. EL spectral change related to the superconducting condensate is observable but is bias-dependent in the present LED device, and the details will be reported in a future publication.
In summary, we investigated the recombination of electron Cooper pairs with p-type carriers in the semiconductor LED with superconducting electrodes and compared the results with a theoretical model. Drastic enhancement
